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Introduction 


The  application  of  photo-electrio  detection  to  the  measurement  of 
nuclear  radiation  by  counting  the  light  pulses  emitted  from  fluorescent 
materials  when  irradiated  was  first  reported  by  Kallman(l),  followed  by 
Deutsch(2)  and  then  Marshall  and  Coltman(3).  Mono-orystals  of  naphthalene 
were  used  for  this  purpose  by  Kallmann.  This  material  has  the  advantage 
over  the  inorganic1  phosphors  in  oonmon  usage  in  that  it  is  transparent 
to  its  own  fluorescent  radiation.  Naphthalene  is  among  the  poorer  of  the 
fluorescent  organic  compounds  and  anthracene  was  suggested  as  an  alternative 
in  both  the  papers  by  Kallmann  and  Deutsch.  Bell(4j  actually  prepared 
crystals  of  purified  anthracene  and  found  the  pulse  height  with  gamma  rays 
to  bo  about  three  times  that  of  naphthalene.  Taschek  and  coworkers(5 ) 
investigated  a number  of  organic  crystal  phosphors  and  their  experimental 
evidence  indicated  that  stilbene  has  an  approximately  threefold  efficiency 
relative  to  anthracene.  This,  however,  is  contrary  to  general e xperienoe 
including  our  own  which  has  involved  extreme  purification  of  stilbene  in 
various  ways:  a possible  explanation  is  that  the  sample  of  anthracene 

used  by  these  workers  behaved  anomalously  as  the'  result  of  a trace  impurity, 
since  its  performance  was  little  better  than  naphthalene  and,  as  is  well- 
known,  anthracene  is  notoriously  difficult  to  purify.  Soon  a whole  range 
of  organic  phosphors  had  been  examined  and  reported  (Hof 3tadter(°) ). 

Concurrently  with  the  search  for  new  materials  efforts  were  being 
directed  towards  the  growth  of  large  single  crystals  since  the  counting 
of  both  high  energy  gamma  and  cosmic  rays  requires  an  adequate  thickness 
of  a fluorescent  material  which  is  transparent  to  its  own  radiation. 

There  is  considerable  literature  on  the  growth  from  the  melt  of  various 
types  of  crystals,  metallic,  inorganic  and  organic.  It  is  clear  that,  in 
general,  single  metal  crystals  can  be  produced  much  more  readily  and  at 
a higher  growth  rate  than  the  other  two  classes:  for  instance  Goss  and 

Weintroubw)  guote  rates  for  tin  of  up  to  20  nnv/minute , whereas  Menzies 
and  Skinner(8J  indicate  as  suitable  speeds  2 to  4 mn/hour  for  the  alkali 
halides  and  Stockbarger(9)  1 mnv/hour  for  the  higher  melting  fluorites. 

For  satisfactory  growth  with  organic  crystals  the  rates  should  not  exceed 
1 to  2 miqAiour  (10,  11  and  15).  The  question  of  the  temperature  gradient 
aoros3  the  3olid/melt  interface  appears  to  be  less  critical  than  the 
growth  rate  for  the  formation  of  single  crystals. 

An  important  feature  in  the  growth  of  single  crystals  and  one  that 
has  only'received  cursory  attention  in  the  published  literature  is  the 
initiation  of  the  growth  of  the  melt  by  a single  seed.  The  problem  does 
not  seem  so  difficult  with  inorganic  crystals  which  Stockbarger(9 ) is 
able  to  grow  successfully  by  preferentially  cooling  the  tip  of  the  oone 
of  the  container  holding  the  melt.  But  it  is  very  real  in  the  case  of 
organic  materials.  Here  the  accepted  method  is  to  seed  from  a long, 
fine  capillary  attached  to  the  main  container,  a device  whioh  was 
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originated  by  Tammann  at  the  end  of  the  laet  oentury.  This  method  almost 
invariably  leads  to  the  formation  of  several  seed  crystals  at  the  oapillary 
exit,  having  a oommon  orientation  parallel  to  the  oapillary  axis,  vis. 
that  of  greatest  growth  but  otherwise  randomly  disposed.  The  resulting 
crystal  mass  thus  consists  of  a number  of  parallel  growths  and  in  the  oaae 
of  a material  suoh  as  stilbene  with  a high  degree  of  anisotropy  of 
thermal  expansion  the  individual  orystals  separate  on  oooling.  We  have 
extended  and  developed  this  technique  of  seeding  both  for  production  of 
a single  orystal  and  for  controlling  the  orientation  of  growth.  Prwlintnary 
experiments  indicate  that  the  method  is  of  general  application  to  organic 
phosphors  and  work  is  proceeding  on  the  growth  of  large  single  orystals 
of  anthracene  and  tolan. 

2.  Purification  of  Stilbene 

Since  high  purity  of  the  stilbene  is  very  neoeesary  for  the  growth 
of  good  crystals,  methods  of  purification  are  detailed. 

Trans-stilbene  was  prepared  in  5“Kilogram  batohes  by  reduction  of 
benzoin  and  reorystallisation  twioe  from  ethanol  and  onoe  from  triohlor- 
ethylene.  At  this  stage  it  oontained  small  amounts  of  bensoin  as  the 
main  impurity.  Stilbene  of  this  quality  was  used  as  the  starting  material 
for  the  greater  part  of  the  orystal  growth  programne.  Stilbene  of 
improved  quality  beoame  available  when  a method  was  developed  for  markedly 
reduoing  the  bensoin  impurity  at  the  ethanol  reorystallisation  stage. 

This  method  involved  the  oonversion  of  the  bensoin  to  bensoin-oxime  by 
treating  the  ethanolio  solution  of  stilbene  with  a mixture  of  hydroxyl&mine 
hydrochloride  and  sodium  acetate.  The  oxime  remained  in  solution  when 
the  stilbene  was  orystallised  out. 

Further  purification  waa  effected  by  either  a preliminary  growth  from 
the  melt  or  by  scrubbing  with  n-pentane. 

(a)  From  the  melt 


During  a preliminary  growth  from  the  melt  the  stilbene  underwent  a 
considerable  degree  of  purification.  Clear,  odourless,  but  never  single, 
crystals  formed  with  a dark  brownish-yellow  liquid  remaining  on  top  of  the 
crystalline  mass  and  smelling  strongly  of  benzaldehyde.  If  the  benzoin 
was  removed  by  conversion  to  the  oxime,  as  outlined  above,  then  the 
quantity  of  brownish-yellow  liquid  wae  greatly  reduced.  Surfaoe 
contamination  of  the  colourless  crystals  with  this  liquid  was  readily 
removed  by  immersion  for  a few  seconds  in  trichlorethylene.  If  the 
stilbene  was  contaminated  by  substantial  quantities  of  benzoin,  the 
crystals  beoame  riddled  with  fine  "worm-holes"  during  growth  probably 
due  to  decomposition  of  the  benzoin  to  benzaldehyde  and  volatilisation 
of  the  latter. 

(b)  li.  scrubbing  with  n-pentane 

Purification  by  scrubbing  with  n-pentane  was  suggested  by  the  work 
of  Leininger^ 1 ) who,  by  refluxing  n-pentane  through  a column  containing 
150  grama  of  finely  powdered  stilbene  above  a 20-inch  column  of  alumina, 
obtained  the  purified  stilbene  in  the  boiler.  It  was  found  with  our 
samples  of  stilbene  that,  after  refluxing  for  a short  period,  (about  £ hour) 
a broad  yellow  band  appeared  at  the  top  of  the  alumina  oolumn  and  moved 
slowly  down  on  oontinued  refluxing  of  the  pentane.  This  early  appear anoe 


of  the  band  indicated  that  by  simply  washing  the  atilbene  with  n-pentane 
marked  purification  oould  be  achieved.  This  view  waa  confirmed  by  D.V. 
absorption  measurements,  using  a Unicam  S.P.500  Speotrophotcmeter,  and  by 
melting-point  determinations  as  the  following  table  illustrates: 

Molecular  Extinotion  Coefficient 


S&qplo  (8,^)  at  2960  1 MP.°C 


Purified  from  melt  28,000  1 22 

Pentane  scrubbed  28,200  1 24. 5 

Ex -boiler  of  pentane  scrubber  27,800  122 

Starting  material  27,700  120 

Pure  single  crystal  28,000  1 24-5 


(of.  » 26,300  at  2950  1 (18):  27,000  at  2940  I (19);  28,500  at 

2940  A (20)) 

The  effect  of  removing  the  benzoin  as  its  oxime  before  the  n-pentane 
scrubbing  was  shown  by  a large  reduction  in  the  sise  of  the  yellow  band 
on  the  alumina  column. 

This  purification  by  pentane  scrubbing  suggests  that  the  ohief 
impurity  is  absorbed  on  the  stilbene  orystals  during  their  final 
recrystallisation  from  trichlorethylene  or  else  crystallises  out  as 
discrete  orystals  under  the  same  conditions  as  the  stilbene.  Various 
other  solvents  were  examined  for  the  reorystallisation  of  atilbene  but 
none  made  muoh  difference  to  its  purity. 

(o)  Distillation 


To  minimise  nucleation  of  crystals  by  dust  particles  during  crystal 
growth  and  also  to  effect  a final  purification  the  atilbene,  purified  by 
either  of  the  above  methods,  was  distilled  at  about  2 nm.  pressure  directly 
into  the  crystal ^ -crowing  container  using  an  apparatus  of  the  same  design 
as  Leiningor'e( ^ w.  The  apparatus  used  is  shown  in  Figure  1.  About  400 
grams  of  atilbene  were  placed  in  the  distillation  flask  which  was  heated 
electrioally  to  about  180°.  During  distillation  the  stilbene  was  prevented 
from  solidifying  in  the  tubes  and  crystal  oont&iner  A by  gentle  heating  with 
a flame.  Since  atilbene  expands  by  approximately  20  per  cent  on  melting, 
it  was  found  advantageous  to  maintain  the  stilbene  molten  in  the  oontainer 
A until  the  container  was  sealed  off.  This  avoided  the  danger  of  over- 
filling the  container  and  consequent  fracture  of  it  on  melting  the  atilbene 
prior  to  orystal  growth.  Stilbene  prepared  in  such  a way  remained  a water- 
white  liquid  however  long  it  was  maintained  at  the  melting-point  provided 
it  wae  under  vaouum. 

3.  Furnaces 


In  published  work  two  types  of  furnace  have  in  general  been  used  for 
growing  organic  crystals. 

(l)  The  statio  furnaoe  in  which  a temperature  gradient  is 
maintained  and  the  melt  inside  the  furnaoe  cooled  at  a 
controlled  rate  (about  ,1°CAour)  by  appropriately  reducing 
the  furnaoe  temperature.  This  type  has  been  used  by 
Alleys  12)  ^ Huber  and  ooworkersl ' 3). 
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(2)  The  travailing  furnace  in  which  the  melt  la  made  to  traverse 
a temperature  gradient.  Thie  ia  the  claaaio  method  of 
BridgmanU^-)  and  ia  the. one  that  baa  found  moat  favour. 
Hendrioka  and  Jefferaon^5)  uaed  thia  type  of  furnace  for 
growing  naphthalene  oryatala  whilat  more  recently  Feaael 
and  SmithV'®)  have  grown  anthracene  as  well  aa  naphthalene 
oryatala  in  thia  manner.  Bare t and  ooworkera\^7/  have 
likewise  successfully  grown  a number  of  organio  aointillation 
compounds. 

We  have  investigated,  both  types  of  furnace  using  eleotrio  heating 
and  oonoluded  that  the  static  furnace  was  much  more  difficult  to  oontrol 
owing  to  fluctuations  in  the  mains;  furthermore  larger  orystals  were 
always  obtained  and  a much  greater  tendency  towards  mono-growth  was 
observed  with  the  travelling  furaaoe.  For  these  reasons  we  latterly 
confined  our  attention  to  the  Bridgman  method  and  the  present  report  deals 
with  its  application  to  the  growth  of  stilbene. 

Two  modifications  of  the  travelling  furnaoe,  a screw- type  and  a 
hanging-type,  were  used.  In  the  screw- type  the  crystal  container  was 
held  in  a braes  oup  which  was  slowly  lowered  from  below  using  a screwed 
rod.  In  the  hanging-type,  the  container  was  suspended  in  the  furnaoe  and 
lowered  from  above. 

Sinoe  the  growth  of  large  single  orystals  of  stilbene  from  the  melt 
is  a very  alow  proosas  it  was  necessary  to  build  a number  of  furnaces  in 
order  to  investigate  the  various  factors  influencing  the  orystal  growth. 

Of  the  three  types  of  furnaoe,  the  screw-type  gave  the  most  promising 
results  and  therefore  a battery  of  eleven  such  furnaces  (type  A (s»e  below)) 
was  made.  Experience  gained  with  these  furnaces  was  used  for  the  design 
of  a more  permanent  furnaoe  (type  B (see  below))  giving  finer  control  of 
temperature,  growth  and  cooling  rates. 

3. 1 Sorew-Furnaos  (A) 

The  furnaces  D (Figure  2)  were  made  from  2-litre  aluminium  beakers 
(diameter  5 inches)  covered  with  alundum  oement  and  wound  with  a spiral 
of  21f  S.W.G.  Niohroms  Wire,  resistance  130  ohms.  Further  alundum  oement 
covered  the  wires  and  an  inch  thick  covering  of  asbestos  wool  for  thermal 
insulation  waa  placed  between  the  beakers  and  an  outer  housing  of  stiff 
papier-naohe  board.  The  two  furnaces  were  separated  by  a baffle  plate 
(G)  of  asbestos  board  which  had  a oentral  hole  through  which  the  container 
oould  Just  pass. 

The  stilbene  container  (a),  made  of  Fyrex  glass  2.5 -3  inches  diameter 
and  approxiamtely  8 inches  long,  rssted  in  a brass  oup  (B)  attached  to  a 
screwed  rod  of  1 mm.  pitoh  which  passed  through  the  bottom  of  the  furnaoe 
into  s threaded -aproolcet  (C).  The  brass  oup  waa  tapered  at  its  base  and 
the  Pyrex  oontainer  was  supported  and  insulated  by  asbestos  wool  except 
at  the  tip  whioh  made  thermal  oontaot  with  the  brass  shaft  to  induoe 
nuoleation  of  the  stilbene  by  local  oooling.  The  sprocket  (c),  mounted 
in  ball  raoea, waa  ohain-driven  at  about  1 rev/hour  so  that  the  container 
moved  down  at  about  1 inch/day.  To  prevent  the  screw-  from  turning,  two 
keyways  were  out  in  it  and  two  keys  (I)  were  fixed  on  to  the  bottom  of 
the  sprocket  mounting. 


The  temperature  of  the  furnaoee  was  measured  by  copper-oonatantan 
thermocouples  (?);  one  an  inoh  above  and  the  other  an  inch  below  the 
baffle  plate  (G).  Por  stilbene  a temperature  gradient  of  20°C/inoh  waa 
maintained  between  the  two  furnaoee.  The  temperature  waa  controlled  by 
a bimetallio  thermostat  (E)  which  operated  a vacuum-switch  relay.  Sinoe 
the  furnaces  only  required  about  100  watts  to  maintain  them  at  130°C»  *■ 
Variao  was  inserted  into  the  oirouit  to  xeduoe  the  mains  ourrent  when  the 
relay  was  olosed.  The  two  fumaoes  were  oonneoted  in  parallel  with  a 
variable  resistance  in  series  with  the  lower  furnace  so  that  the  tenperature 
gradient  could  be  readily  controlled. 

3. 2 Sorew-Furnaoe  (B) 

This  furnace  waa  designed  to  possess  the  following  features;  good 
temperature  oontrol,  aoourate  and  readily  oontrollable  speeds  of  growth 
and  slow-cooling  of  the  crystal.  In  addition  the  furnace  oould  be 
evacuated  when  growing  orystals  which  oannot  be  sealed  in  vacuo  in  a 
glass  container. 

The  fumaoe,  shown  in  Figures  3 and  4-,  was  made  from  a length  of 
chromium-plated  steel  pipe  8?  inohes  internal  diameter  divided  by  a steel 
baffle  plate.  Each  half  was  wound  with  niohrome  wire  embedded  in  alundum 
cement  and  thermally  insulated  with  a inoh  thick  layer  of  refraotory 

insulating  powder.  These  circuits  and  thus  the-  temperature  of  the  two 
halves  of  the  furnace  were  controlled  by  Variacs  and  bimetallic  thermostats 
(one  shown).  Temperatures  were  recorded  on  mercury  dial  thermometers  the 
bulbs  of  which  were  situated  1 inch  above  and  below  the  baffle  plate. 

Constancy  of  temperature  is  of  great  importance  for  the  growth  of 
single  crystals  of  good  optical  and  meohanioal  properties.  Small  quick 
fluctuations  in  the  air  temperature  of  the  furnaoo  are  of  less  importance 
owing  to  the  relatively  high  thermal  capacity  of  the  sample  than  -slow 
steady  ohanges,  especially  decreases  in  temperature.  A decrease  in 
temperature  is,  in  effeot,  a speeding  up  of  the  rate  of  growth  of  the 
crystal  as  the  freezing  level  of  the  furnace  is  thereby  raised.  It  is 
for  this  reason  also,  that  the  temperature  gradient  in  the  region  of  the 
baffle  should  be  large,  sinoe  given  changes  of  temperature  will  then 
influence  less  the  position  of  the  freezing  level. 

The  furnace  was  operated  with  air  temperatures  of  14-0°  1 2°  C.  in  the 
upper  half  and  100°  t 2°C.  in  the  lower  half.  Under  those  conditions 
temperature  fluctuations  at  the  freezing  level  even  at  the  oircumference 
of  the'  growing  crystals  were  found  by  thermocouple  measurement,  to  be  not 
greater  than  - 0.3°C.  (See  Figure  7)> 

Two  small  windows  of  heat-resistant  glass  were  let  into  the  side  of 
the  furnaoo  diametrically  opposite  each  other  and  just  below  the  baffle 
plate.  A small  electric  bulb  was  set  in  a heat-resistant  plug  behind  one 
of  the  windows  so  that  the  state  of  the  crystal  oould  be  observed  during 
growth.  The  other  window  waa  normally  oovered  by  a similar  plug.  There 
was  also  a removable  window  of  heat-resistant  glass,  5 inch  diameter,  in 
the  top  of  the  furnace. 

!Rie  stilbene  container  was  hold  in  a brass  oup  mounted  on  a shaft 
which  terminated  in  a screw  of  3 mm.  pitch.  The  sorew  entered  a bevel 
gear  connecting  via  a seoond  bevel  gear  and  a train  of  gears  to  a small 
induction  motor.  To  maintain  vacuum  tightness  in  the  furnace  the  sorew 
and  bevel  gears  were  enclosed,  (see  Figure  8)  the  shaft  of  the  second 
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bevel  gear  passing  through  a vacuum  tight  stuffing  box  to  the  train  of 
gears.  Several  gear  trains  were  made  up  in  interchangeable  units  so  that 
various  speeds  of  descent  of  the  container  could  be  obtained.  The 
available  speeds  wsre  5>  2.5,  1.6  and  1 mms.  an  hour  together  with  their 
reciprocals  l/5,  l/2. 5,  and  l/l.6  mas.  an  hour.  Hie  reciprocals  were 
obtained  by  reversing  the  gear  unite  on  the  motor  and  bevel  gear  spindles. 
The  1:1.6  gear  (A)  oan  be  seen  in  plaoe  on  the  right  of  Figure  8.  A 
further  gear  unit  permitted  the  alow  and  steady  cooling  down  of  the  furnace. 
This  unit  linked  the  motor  and  the  shaft  of  a Variao  plaoed  between  the 
mains  supply  and  the  furnaoe.  Two  days  were  required  for  the  Variao  to 
bo  turned  down  from  2J0  volts  to  0 volts.  A further  gear  unit  allowed  for 
the  manual  winding  up  and  down  of  the  container. 

The  motor  wa"  automatically  controlled  by  a series  of  microswitohes. 

The  first  switoh  stopped  the  motor  when  the  sorew  reached  the  end  of  its 
travel.  A second  switoh  started  the  motor  again  when  the  gear  unit  for 
controlling  the  Variao  was  plaoed  in  position.  A third  switoh  out  out 
the  motor  when  the  Variao  reached  0 volts. 

3-3  Hanging-Type  Furnaoe 

The  furnaoe  (Figure  5)  was  constructed  of  glass  so  that  the  growth 
of  the  crystal  could  be  observed  throughout  the  experiment  and  thus  greater 
control  oxeroised  than  with  the  operation  of  sorew-type  (a)  furnace. 

The  external  and  internal  walls  of  the  furnaoe  (D)  and  (c)  were 
Fyrex  pipes  12  inch  and  6 inch  diameter  respectively  aaJ  of  wall  thickness 
4 inoh.  Two  ooils  of  wire,  separated  by  a baffle  (G),  were  wound  on  a 
Sindanyo  framework  (F)  between  the  two  pipes.  An  asbestos  baffle  (,G) 
was  hung  in  the  middle  of  the  inner  pipe.  The  temperature  of  the  furnaoe 
was  measured  on  a thermometer  which  oould  be  moved  up  and  down  for 
determination  of  the  temperature  gradient.  It  was  impossible  to  w 

as  sharp  a gradient  as  in  the  sorew-type  furnaces  but  a gradient  of 
7°C/inoh  oould  be  obtained.  The  temperature  was  oontrolled  by  the 
thermostat  (e),  the  circuit  of  the  furnaoes  being  identical  with  that  of 
the  screw-furnace. 

Hie  container  (A)  was  slowly  lowered  down  the  furnaoe  by  a Meocano 
ortne  devioe  operated  by  an  electric  motor.  The  motor  was  geared  down  so 
that  a movement  of  1 inoh  - £ inoh  a day  was  obtained. 

In  attempting  to  nucleate  the  stilbene  by  a single  seed  emerging  from 
a oapillary  attached  to  the  lower  end  of  the  oontainer,  the  capillary  was 
made  about  3 inches  long  sinoe,  under  the  operating  conditions  of  the 
furnaoe,  the  stilbene  supercooled  quite  considerably.  With  a short 
oapillary  the  rapid  crystallisation  whioh  set  in  when  seeding  occurred 
led  to  a polycrystalline  mass  in  the  bottom  of  the  container. 

Hiis  supercooling  of  the  stilbene  was  considered  to  be  due,  firstly, 
to  the  oapillary  tube  being  surrounded  by  air  instead  of  a mterial  of 
high  thermal  conductivity  such  as  the  brass  oup  in  the  screw-type  furnaoe 
and,  seoondly,  to  a shallow  temperature  gradient  at  G.  Figure  5 indicates 
that  at  the  commencement  of  lowering  of  the  oontainer,  G is  not  functioning 
as  a true  baffle  (oompare  with  the  brass  oup  in  Figure  2 when  it  first 
reaches  the  baffle  G).  Henoe  the  position  of  the  freesing  level  is  not 
steady.  Moreover  the  massive  brass  oup  with  attached  rod  tend  to  preserve 
a better  thermal  balanoe  aoross  the  furnace  during  early  growth  and 
consequently  to  maintain  the  freesing  level  steady. 


By  suitably  designing  the  furnace  to  overcome  these  dsfeots  it 
should  be  possible  to  reduoe  the  length  of  the  capillary,  thus  reducing 
the  time  taken  to  grow  a crystal,  and  also  to  improve  the  seeding  of  the 
melt. 


Using  a straight  capillary  a single  crystal  was  not  produoed. 

Working  on  the  same  principles  of  container  design  (see  later)  as  with 
the  sorew-type  furnaoe  a single  crystal  was  grown.  However,  whilst  it 
was  possible  to  produce  a single  crystal,  good  control  of  the  furnaoe 
conditions  was  more  difficult  to  achieve  than  with  the  sorew-type  furnaoe, 
henoe  the  hanging-type  furnaoe  was  not  seleoted  for  the  main  orystal  growth 
programme. 


3-4  Stationary  Furnace 

This  furnaoe  (Figure  6)  was  made  from  an  inverted  aluminium  beaker 
(B)  coated  with  alundum  oement.  The  beaker  was  wound  with  four  separate 
spirals  of  Nichrome  wire  with  the  ooils  getting  progressively  oloser  towards 
the  top.  The  ooils  wwre  wired  in  parallel  with  a variable  resistance  in 
series  with  each  ooil.  A gradient  of  about  40°0  could  be  maintained  from 
top  to  bottom  of  tbs  furnaoe  by  suitable  adjustment  of  the  rheostats.. 

A heat  shield  (H)  was  placed  over  the  sample  inside  the  furnaoe.  This 
shield  consisted  of  a wide  glass  tube,  rounded  off  at  one  end,  which  had 
been  lined  with  silver  foil  and  coated  outside  with  asbestos  paper.  This 
shield  reduoed  fluctuations  in  the  sample  temperature  due  to  variations 
in  the  furnaoe  temperature. 

The  whole  furnaoe  was  heated  until  the  sample  had  oomplotoly  melted. 

The  temperature  was  then  adjusted  so  that  the  bottom  was  just  on  the  melting 
point  and  the  top  about  i*0°C  above  it.  The  temperature  of  the  whole 
furnaoe  was  then  slowly  reduoed  to  just  below  the  melting  point.  This  took 
about  4 days.  When  the  sample  had  crystallised  it  could  then  be  oooled 
rather  more  rapidly  to  room  temperature.  This  furnaoe  was  only  tested 
with  anthracene  and  gave  a clear  crystalline  mass  consisting  of  numbers  of 
discre  te  orystalo  up  to  a marl  Him  sise  of  about  1 cm.  x 1 om.x  .2  cm.  although 
only  a plain  oonioal  container  was  used.  However,  without  a constant 
voltage  transformer,  temperature  oontrol  of  the  furnaoe  during  cooling  was 
difficult  and  the  method  was  abandoned  in  favour  of  the  other  two  methods. 

4.  Initiation  and  Orientation  of  Growth  of  a Single  Crystal 

Various  designs  of  oontainer  hays  been  studied  for  seeding  the  melt 
with  a single  orystal.  Stookbarger(20,  for  growing  single  crystals  of 
LiF,  used  a oontainer  of  simple  design  (a)  (Figure  9).  Its  application 
to  the  growth  of  stilbene  crystals  proved  unsatisfactory  in  the  sorew-type 
furnaoe,  a dosen  or  more  crystals  being  produoed  in  the  oontainer. 
Bridgman^1**-)  describes  a oontainer  of  the  type  (b)  (Figure  9)  for  the  growth 
of  single  metal  orystals.  LeiningerO^ ) used  this  design  for  stilbene 
orystals  but  he  obtained  only  multiple  crystal  growth.  Our  experience 
with  this  type  of  oontainer  in  both  the  screw  and  hanging-type  furnaces 
confirms  this  multiple  growth.  However,  it  is  an  improvement  over  type  (a), 
the  number  of  orystals  grown  being  reduoed  to  about  six. 


Another  devioe  aimed  at  producing  nuoleation  at  one  point  only  in 
the  tip  of' the  oone  of  the  container,  was  the  use  of  a ahort  length  of 
tungsten  wire  sealed  into  the  glass  (o)  (Figure  9).  The  tungsten  wire  wets 
set  -in  Wood's  metal  in  the  brass  oup,  thus  allowing  greater  oooling  at 
the  tip.  No  improvement  over  type  (b)  was  obtained'  by  this  procedure. 

Again,  it  was  observed  that,  whilst  the  tip  of  the  oontainer  of 
type  (a)  contained  a polyorystalline  mass,  after  about  inch  of  growth 
only  about  1 2 _ major  crystals  would  be  growing  up  the  tube.  In  order  to 
isolate  a single  seed  the  container  was  fitted  with  a baffle  oonsisting 
of  a funnel-shaped  pieoe  of  glass  with  a hole  1 nm.  in  diameter  in  the 
centre,  see  (d)  (Figure  9).  Originally  the  baffle  was  sealed  to  the  wall 
of  the  oontainer  but  oraoking  invariably  00  our  red  at  the  junction,  probably 
due  to  the  volume  ohanges  of  the  stilbene.  Therefore  a oontainer  fitted 
with  a free  but  olose-fitting  baffle  was  used.  This  method  whilst  reducing 
the  number  of  crystals  to  2 or  3 did  not  produce  a single  orystal. 

Since  neither  type  (b)  nor  (d)  produced  single  crystals  it  was  apparent 
that  two  or  more  baffles  would  be  required.  Accordingly,  a oontainer  with 
two  baffles  with  their  holes  not  in  the  same  vertioal  line  (e)  (Figure  9) 
was  tried  and  this  arrangement  was ’successful  in  producing  a single  orystal. 

An  arrangement  on  similar  lines  (h)  (Figure  9)  when  used  in  the  hanging- 
furnaoe  was  not  so  suooessful  probably  due  to  the  lower  degree  of  oorttrol 
of  the  operating  conditions  of  the  furnaoe. 

It  should  be  notod  that  the  seed  emerging  from  the  capillary  in 
container  (b)  is  subject  to  wider  temperature  fluctuations  than  that  passing 
through  the  lower  baffle  in  oontainer  (e)  since  in  the  latter  the  seed  is 
surrounded  by  material  of  a muoh  greater  thermal  capacity. 

A second  successful  method  for  initiating  and  growing  a single  crystal 
was  by  using  & baffle  carrying  an  open  zig-zag  shaped  capillary  (f ) 

(Figure  9).  Even  if  two  or  three  crystals  entered  the  capillary  tube  the 
oorners  successfully  eliminated  all  but  one.  It  was  found  advantageous 
not  to  extezzl  the  zig-zag  capillary  right  to  the  bottom  of  the  oontainer 
where  a polyorystalline  mass  ooours  since  this  increased  the  number  of 
crystals  entering  the  tube. 

The  use  of  a zig-zag  capillary  attaohed  to  the  container  (i)  (Figure  9) 
proved  successful  for  initiating  a single  crystal  -in  the  hanging-type  furnaoe. 

To  ensure  nuoleation  of  a single  orystal  by  a oapillary-tube  it  is 
essential  to  have  a zig-zag  shaped  tube.  Experiments  with  a oontainer 
possessing  a baffle  oarrylng  a straight  capillary  or  even  one  of  design  (g) 
(Figure  9)  were  not  entirely  suooessful  since  there  was  no  reduction  in 
the  number  of  crystals  leaving  the  oapillary  over  those  entering. 

Whilst  using  zig-zag  oapillaries  it  was  observed  that  if  the  limb 
of  the  oapillary  adjacent  to  the  tip  of  the  oonical  baffle  was  nearly 
horizontal  then  the  resultant  crystal  readily  oraoked,  either  during 
oooling  or  by  handling,  across  the  diameter  of  the  oontainer.  .However,  if 
this  same  section  of  the  oapillary  was  almost  vertioal,  it  was  found  that 
oleavage  was  vertioal  also  and  that  the  crystals  were  much  more  resistant 
to  thermal  shook. 
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Tha  difference  in  growth  orientation  was  confirmed  by  cutting  small 
cubes  from  the  crystals  and  determining  the  three  linear  thermal  expansions 
interferometrioally.  Stilbene  crystals  are  monoclinic  and  have  a marked 
thermal  anisotropy.  The  expansion  at  right  angles  to  the  oleavage  plane 
(001 ) is  approximately  double  that  along  any  direotion  in  the  (001 ) plane. 

(A  detailed  aocount  of  the  thermal  anisotropy  of  stilbene  crystals  is 
being  reported  separately).  Thus  the  orientation  of  growth  of  the 
crystals  oan  be  readily  determined. 

A further  difficulty  is  that  nuoleation  may  ooour  on  the  baffle  plate 
and  give  rise  to  a seoondary  orystal  which  may  occasionally  equal  in  size 
the  orystal  coming  through  the  capillary.  This  seoondary  growth  seldom 
occurs  with  hori son tally  grown  crystals  but  is  more  common  in  the  oase  of 
crystals  growing  with  the  oleavage  plane  vertioal.  When  this  happens  the 
individual  crystals  separate  on  oooling  and  oan  be  parted  by  oleaving  into 
large  single  components. 

5*  Theory  of  Crystal  growth 

The  dependence  of  growth  orientation  on  the  shape  of  the  oapillary 
attached  to  the  baffle  may  be  explained  by  considering  the  rates  of  growth 
of  a stilbene  crystal  along  its  axes.  The  greatest  rate  of  growth  is  in 
the  (OOl)  plane  parallel  to  the  diad  axis.  Hence  in  a oylindrioal 
container  of  type  (a)  (Figure  9)  the  crystals  which  emerge  from  the 
polyoryetallino  mass  at  the  tip  of  the  cone  will  be  orientated  with  their 
diad  axis  approximately  vertical  since  the  crystals  with  this  preferred 
orientation  will  outstrip  and  thus  exclude  those  with  different  orientations. 
The  crystals  will  therefore  enter  a oapillary  with  their  diad  axis  and  thus 
the  (OOl  ) plane  vertically  orientated.  This  orientation  will  be  maintained 
through  a zig-zag  capillary  provided  that  the  movement  of  the  freezing 
level  along  the  oapillary  does  not  exceed  the  growth  velocity  of  the 
crystal  operating  in  each  aeotion  of  the  zig-zag.  It  will  be  clear  that 
aa  each  limb  of  the  capillary  departs  more  and  more  from  the  vertical 
the  rate  of  movement  of  the  freezing  level  along  it  increases  and  may 
ultimately  exceed  the  rate  of  crystal  growth.  Figure  10  illustrates  this 
point. 

Figure  10 

If  V 9 rate  of  movement  of  the 
freezing  level, 

v0  » maximum  rate  of  orystal  growth, 
-i. e.  along  the  diad  axis, 

v * maximum  velocity  of  growth 

along  the  inclined  capillary 
limb  with  the  diad  axis 
vertioal, 

and  0 a inclination  of  oapillary  limb 
to  the  vertical, 

then  if  v >V  there  will  be  no  change  of  orientation  of 
cos  0 

crystal  growth.  If  v < X < vQ  ^en  conditions  are  favourable  for  a change 

cos  0 

of  orientation  but  if  T > vQ  multicrystalline  growth  in  the  inclined  limb 

cos  0 


will  occur. 
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An  extension  of  tha  above  analysis  will  show  that  in  order  to  avoid 
a reversal  of  the  ohange  in  orientation  by  going  from  the  inclined  to  the 
vertioal  part  of  the  tube,  7 must  be  less  than  the  vertical  rate  of  growth 
in  the  new  direction  of  orientation.  On  the  basis  of  these  theoretical 
considerations  It  should  be  possible  to  grow  single  crystals  of  any 
desired  orientation  by  a fuitable  ohoioe  of  V,  the  speed  of  desoent  of 
the  container,  and  of  6 , the  inclination  of  the  final  capillary  limb. 
Whilst  we  have  not  yet  been  able  to  explore  fully  these  possibilities  we 
have  suooeeded  in  growing  crystals  having  orientations  of  the  diad  axis 
up  to  25°  from  the  vertioal. 

The  actual  mechanism  of  the  ohange  of  orientation  is  not  olear. 
Examination  of  a capillary  by  polarised  light  shows  discontinuities  in 
the  crystal  growth  at  or  near  the  bends  of  the  oapillary  with  no  obvious 
indication  of  formation  of  small  crystals.  One  explanation  of  the  ohange 
in  orientation'  oould  be  the  formation  of  a polycrystalline  layer  on  going 
from  the  vertical  to  the  inclined  limb  as  7/cos®  exceeds  v,  followed  by 
selection  of  one  or  perhaps  more  crystals  orientated  suoh  that  the  Bpeed 
of  growth  along  the  axis  of  the  inclined  limb  of  the  oapillary  exoeeds 
V/oos0.  A second  possible  explanation  is  that  as  7/oos  9 inoreaaes  with 
respect  to  v during  the  bend  in  the  capillary,  a gradual  distortion  of 
the  crystal  lattice  takes  plaoe  until  a position  is  reaohed  when  ths 
lattice  will  grow  along  the  new  direction  at  a rate  just  exceeding  V/cose  . 
A third  possibility  is  that  a sudden  ohange  may  ooour  in  the  lattice  front 
due  to  reorientation  of  a molecular  layer  which  may  be  easier  than  fresh 
nucleation  if  the  speed  of  the  former  process  i3  more  rapid  than  that  of 
the  latter. 

According  to  Gross  and  Moller  (^2^  who  studied  crystal  growth  of 
phenylsalicylate  (orthorhombio)  from  a supercooled  melt  in  stationary 
curved  tubes,  crystal  seeds  tend  to  be  produoed  in  the  angle  between  the  . 
advanoing  front  of  a single  crystal  and  the  wall  of  the  oapillary  tube. 

A seed  formed  in  this  manner  may  be  orientated  such  that,  a3  growth 
prooeeds  in  the  ourved  tube,  it  becomes  the  main  crystal.  This  process 
may  then  bo  repeated  throughout  the  bend  of  a curved  tube  resulting  in  a 
series  of  single  crystals  divided  by  sharp  boundaries.  Hie  direction  of 
maximum  growth  of  the  crystal  hence  follows  the  axis  of  the  tube. 

This  change  of  orientation  in  a ourved  tube  is  determined,  according 
to  Gross  and  Moller,  by  suoh  factors  as  the  degree  of  supercooling  of  the 
melt  (whioh,  in  our  studies,  is  equivalent  to  the  speed  of  descent  of  the 
crystal  container),  by  the  radius  of  ourvature  of  the  bend  and  by  the 
diameter  of  the  oapillary  tube.  Whilst  the  orystal-growing  systems  of 
Gross  and  Moller  and  of  the  authors  are  rather  different,  thus  preventing 
direct  analogy,  the  theory  of  Gross  and  Moller  presents  a further 
possibility  of  explaining  the  ohange  of  orientation  at  the  bends  in  a 
zig-zag  capillary  tube. 

The  earlier  work  of  Palibin  and  Proiman(^3)  on  obtaining  a pre- 
determined orientation  of  a zinc  crystal  from  the  melt  is  in  some  respects 
comparable  to  this  work.  They  used  a tube  ending  in  a capillary  whioh 
was  sealed  into  a thin-walled  sphere.  The  crystals  grew  radially  in 
the  sphere  and  one  partioular  orientation  was  selected  by  the  capillary, 
the  orientation  depending  on  the  inclination  of  the  oapillary  to  the  main 
tube.  In  our  case  however,  a vertically  orientated  crystal  enters  the 
oapillary  and  ohange  of  orientation  is  effected  in  the  oapillary  itself. 
Moreover  with  organio  crystals  their  method  would  not  yield  single  crystals, 
(of.  container  type  (g)  (Figure  9)). 


6.  Rate  of  Descent  of  Crystal  Container 


The  influence  of  the  rate  of  movement  of  the  freezing  level  on  the 
direotion  of  orientation  of  the  oryetal  when  seeded  from  a zig-zag  shaped 
capillary  tube  is  discussed  above.  For  crystals  grown  with  the  (001 ) 
plane  parallel  to  the  axis  of  the1  oylindrioal  container,  it  was  possible 
to  lower  the  container  at  about  1 inch  per  day  but  stronger  and  clearer 
crystals  were  obtained  at  lower  speeds  of  the  order  -y  inch  - f inoh  per  day. 
Crystals  orientated  with  the  (OOl)  plane  horizontal,  grown  at  these  speeds, 
were  not  as  strong  and  frequently  contained  small  laminar  striationa  giving 
the  appearance  of  white  fleoks.  It  may  be  possible  to  improve  the 
qualities  of  crystals  with  this  orientation  by  rfeduoing  the  speed  of  growth 
even  further. 

7.  Crystal  Quality 

It  has  been  observed  above  that  crystals  grown  with  different 
orientations  possess  different  qualities.  Figure  11  (a)  (taken  approximate^ 
normal  to  the  (OOl)  plane)  illustrates  a crystal  grown  with  the  cleavage 
plane  horizontal.  Examination  of  this  crystal  under  polarised  light 
(Figure  11  (b)  ) showed  it  to  be  composed  of  layers  of  a largo  number  of 
small  crystals,  all  with  their  (001 ) planes  horizontal  but  eaoh  separate 
crystal  at  a slightly  different  orientation  from  its  neighbours.  Hie 
variation  in  orientation  was  about  25°.  As  can  be  aeeh  the  crystal  is 
completely  transparent  (Figure  11  (a))  the  discontinuities  were  only 
observable  by  reflected  light  from  a polished  face.  Since  the  thermal 
expansions  in  all  directions  in  the  (OOl)  plane  are  not  markedly  different, 
the  mosaic  crystal  after  being  grown  does  not  separate  into  the  con$>onent 
pieces  on  cooling.  This  mosaic  character  accounts  for  the  lack  of  stability 
to.  thermal  shock  of  the  crystal;  the  instability  may  in  part  be  due  to 
reduced  mechanical  strength.  However,  the  scintillation  properties  are 
not  affected.  In  this  connection  it  may  be  added  that  it  is  possible  to 
build  up  a composite  phosphor  of  stilbene  crystals  of  complex  shape  using 
butyl  methacrylate  cement  without  much  loss  of  efficiency. 

Figure  11  (o)  and  (d)  show  photographs  (again  taken  normal  to  the 
(OOl)  plane)  of  a crystal  grown  with  the  (OOl)  plane  vertical,  (d)  being 
taken  using  polarised  light.  The  singleness  of  the  crystal  is  apparent. 

Due  to  the  ease  with  which  newly  grown  crystals  crack  during  cooling 
and  subsequent  shanf"2  and  polishing  it  was  not  possible  to  prepare  a 
flawless  crystal  conforming  to  the  shape  of  the  container  but  many  full 
sized  crystals  were  grown.  Indeed  the  main  obstacles  to  the  production 
of  a complete  aingle  crystal  from  the  container  are  firstly  the  after- 
growth cracking  and  secondly  the  secondary  growth  in  the  case  of  vertically 
grown  crystals.  It  is  to  the  elimination  of  these  defects  that  our 
attention  is  now  directed.  Figure  12  shows  a group  of  some  typioal  pieoes 
of  stilbene  grown  by  the  techniques  described  in  this  report. 

8.  Scintillation  Efficiency 

The  scintillation  response  of  these  pure  stilbene  crystals  to  gamma 
radiation  (CoM  source)  has  been  tested.  The  average  pulse  height  was 
found  to  be  approximately  60  per  cent  that  of  the  best  sample  of  anthracene 
available. 


. -u- 


For  comparison  of  the  efficiencies  of  phosphors,  anthracene, 
beoause  of  its  greater  light  rssponso  to  radiation,  is  generally  taken 
as  the  standard.  In  view  of  the  extreme  difficulty  in  obtaining  pure 
anthracene  and  also  of  the  tendency  of  purified  samples  to  deteriorate 
on  storage,  we  consider  anthracene  to  be  unsuitable  as  a standard. 

Since  stilbene  orystals  of  high  chemical  purity  and  stability  oan  be 
prepared  by  the  methods  detailed  in  this  report,  it  is  our^view  that 
stilbene  should  in  future  be  taken  as  the  primary  standard  for  comparing 
the  scintillation  efficiencies  of  phosphors. 

3-  Shaping  the  Orystals 

The  crystals  oan  readily  be  shaped  by  saraping  with  a sharp  knife, 
but  extreme  oare  is  necessary  to  avoid  cracking  by  localised  heating. 

To  this  end  ohamois  leather  gloves  should  be  worn  during  all  finishing 
operations.  After  scraping,  the  surfaces  may  be  polished  by  use  of  emery 
powder  graduating  down  to  jewellers'  rouge  on  chamois  leather.  For  a 
final  finish,  chamois  leather  damped  with  metal  polish  (a  solution  of 
oleic  acid  in  white  spirit)  has  proved  the  most  effective.  The  use  of 
volatile  solvents  for  polishing  should  be  avoided  as  the  surfaoe  of  the 
crystal  will  crack  as  the  solvent  evaporates.  If  parallel  faces  are 
required  a microtome  can  be  used  but  great  oare  has  to  be  taken  to  avoid 
chipping  the  edges  of  the  orystals.  A beautifully  smooth  and  optically 
clear  surface  can  be  produced  in  this  manner  along  the  (OOl)  plane,  but 
faces  normal  to  this  assume  a semi -matt  appearance  on  cutting  and  are 
easily  fractured  at  their  edges  during  the  process.  The  semi -matt 
surfaces  may  be  polished  however  to  the  same  degree  of  optical  clarity 
as  the  (OOl)  faces. 


Bibliography 


1.  Kallmann.  Natur  und  Teohnik  (Juli,  1947). 

2.  Dautsoh.  M.I.T.  Teoh.  Bep.  No.3,  D«o.1,  1947  Nuoleonioa  2, 

58,(1948). 

3.  Marshall  and  Cpltman.  Phya.  Rav.  J2j  528, ( 1 947 ) - 

4.  Ball.  Phya.  Rev.  Jl.  1405,  (1948). 

5.  Grittinga,  Taaohek,  Ronaio,  Jonea  and  Maailun.  Phya. Rev. 75. 205.  (1949). 
Taaohek.  AECD-2353,  Aug. 31 , 1948. 

6.  Hofetadter.  Phya.  Rav.  75,  1289,(1949). 

7.  Gosa  and  Weintroub.  Nature.  1 67 , 349,  (l 951 ) Proc.  Phya.  Soc. 

65B,  561,  (1952). 

8.  Menaies  and  Skinner.  Diaouasiona  Par.  Soc.  No. 5 , 306,  (1949). 

9.  Stookbarger.  Diaouasiona  Par.  Soc.  No. 5,294, ( 1949). 

10.  McGuire  NP.1124.  Teoh.  Rep.  No.4,  Univ.  of  Rooheater,  Nov.7,  1949. 

11.  Leininger.  UCRL-1104,  Jan.26,  1951 . R®v.  Soi.  Inat.  22,(5), 

127,(1952). 

12.  Alley.  ABCU-49,  Oct. 11,  1948. 

13.  Huber,  Hambel,  Schneider  and  Staff on.  Tag.  Sohev.  Phya.  Goa.  p.  41 8. 

14.  Bridgman.  Proc.  Am.  Aoad.  Arts  Sci.  60  , 303  (1925). 

15.  Hendricks  and  Jefferson.  J.  Opt.  Soo.  Am.  2£,  299  ( 1 933 )- 

16.  Poaael  and  Smith.  Rev.  So.  Inst.  JU2,,  817  (1948). 

17.  Baret,  Hering,  Piohat  and  Thommeret.  CEA  Rep.  No. 74,  ( 1 951 )• 

18.  Blout  and  Eager.  J. A.C.S.  ££,  1315,  1945* 

19.  'Rodebuah  and  Feldman.  J. A.C.S.  .68,  896,  1946. 

20.  Beale  and  Rose.  J.  Sci.  In~t.  _28,  109,  1951* 

21.  Stookbarger.  Disc.  Par.  See.  No. 5,  299,  1949. 

22.  Groaa  and  Moller.  . Z.Fhyaik,  J_2,  375,  1923. 

23.  Palibin  and  Proiman.  Z.Kriat  A85.  322,  1933. 


18- 


HER  Il(W)/554. 
MBA. 


r 


jTC.3 

SOKE!./  FURNACE  (B) 


a 


□ 


FIG.  5. 


HANGING  FURNACE. 


FIG. 7.  TEMPERATURE  CONTROL  IN  SCREW  FURNACE  (B) 


D.dlNii 


TIME  (hours) 


jic.  i c 

TYCICAL  STILBEiJE  CRYSTALS 


dstl 

M :1 


[dstl! 


Sallshun 
if//' v 
SP4  (MO 


f a.x  0 ! - 6 f 3 V 


Defense  Technical  Information  Center  (DTIC) 
8725  John  J.  Kingman  Road,  Suit  0944 
Fort  Belvoir,  VA  22060-6218 
U.S.A. 


AD#:  AD020269 

Date  of  Search:  9 July  2008 

Record  Summary:  ES  4/4 

Title:  Studies  of  Organic  Phosphors  for  Use  as  Scintillation  Counters:  Part  I;  Growth  of 
Large  Crystals  of  Stilbene  from  the  Melt 

Availability  Open  Document,  Open  Description,  Normal  Closure  before  FOI  Act:  30  years 
Former  reference  (Department)  04/53 
Held  by  The  National  Archives,  Kew 


This  document  is  now  available  at  the  National  Archives,  Kew,  Surrey,  United 
Kingdom. 

DTIC  has  checked  the  National  Archives  Catalogue  website 
(http://www.nationalarchives.gov.uk)  and  found  the  document  is  available  and 
releasable  to  the  public. 

Access  to  UK  public  records  is  governed  by  statute,  namely  the  Public 
Records  Act,  1958,  and  the  Public  Records  Act,  1967. 

The  document  has  been  released  under  the  30  year  rule. 

(The  vast  majority  of  records  selected  for  permanent  preservation  are  made 
available  to  the  public  when  they  are  30  years  old.  This  is  commonly  referred 
to  as  the  30  year  rule  and  was  established  by  the  Public  Records  Act  of 
1967). 


This  document  may  be  treated  as  UNLIMITED. 


